Abstract-Intracellular calcium oscillation and its downstream signaling in osteoclasts is believed to play critical roles in regulating bone resorption. Our previous study demonstrated that fluid shear stress (FSS) induced more calcium responsive peaks in the late differentiated osteoclasts than the early ones. In this paper, the signaling pathways of FSS-induced calcium response for the osteoclasts in different differentiation stages were studied. RAW264.7 macrophage cells were induced to differentiate into osteoclasts with the conditioned medium from MC3T3-E1 osteoblasts. Furthermore pharmacological agents were added to block the specific signaling pathways. Finally the cells were exposed to FSS at different levels (1 or 10 dyne/cm 2 ) after being induced for 4 or 8 days. The results showed that the mechanosensitive, cation-selective channels, phospholipase C (PLC) and endoplasmic reticulum constituted the major signaling pathway for mechanical stimulation-induced calcium response in osteoclasts. Extracellular calcium or ATP involved with calcium oscillation in a FSS magnitude-dependent manner. This pathway study may help to give insight into the molecular mechanism of mechanical stimulation-regulated bone remodeling.
INTRODUCTION
Bone marrow hematopoietic stem cells first differentiate into monocytes and then fuse into multinuclear osteoclasts which are responsible for resorbing bone minerals. During this differentiation process, the receptor activator of nuclear factor kappa-B ligand (RANKL) is demonstrated to induce the repetitive increase of cytosolic calcium ions concentration [Ca 2+ ] i , i.e., calcium oscillation, 20 which is closely related to the differentiation of osteoclasts and their function in bone resorption. 36 Osteoclasts are located on the bone surface and exposed to fluid filled within trabecular cavities. When mechanical loading is applied on bone, the deformation of bone matrix produces fluid shear stress (FSS) around osteoclasts and the in vivo studies concluded that FSS stimulates bone resorption mediated by osteoclasts. 8, 17 Our previous study demonstrated that FSS could induce potent calcium response and oscillation in osteoclasts and the properties of calcium response depended on the differentiation stages. 23 Stronger calcium oscillation was found in small osteoclasts than the larger ones, and the calcium responsive sensitivity of osteoclasts to FSS was reduced along with the fusion of osteoclasts. But the signaling pathways of FSS-induced calcium response in osteoclasts remains unknown.
There are two sources for the increase of [Ca 2+ ] i , i.e., the influx of extracellular calcium ions ([Ca 2+ ] 0 ) and the release of intracellular calcium stores. The extracellular calcium ions enter into a cell mainly through plasma membrane ion channels including mechanosensitive cation-selective channels (MSCC) or voltage sensitive calcium channels (VSCC) in osteoclasts. The preferred candidate of MSCC channels is transient receptor potential cation channel V4 (TRPV4), which mediated calcium influx to regulate the terminal differentiation of osteoclasts 27 and bone remodeling. 31 L-type VSCC channels express in osteoclasts and the calcium influx through them plays critical roles in RANKL-induced osteoclast formation by down-regulating nuclear factor of activated T cells c1 (NFATc1), a Ca 2+ -responsive transcription factor that drives osteoclastogenesis. 33 One study showed that MSCC blocker gadolinium (Gd 3+ ) could inhibit actin ring formation in osteoclasts, whereas modulators of voltage-dependent Ca 2+ channels had no effect. 5 Another source of [Ca 2+ ] i in osteoclasts is internal stores such as endoplasmic reticulum (ER). The extracellular stimuli like calcium ion or ATP activate the plasma membrane receptors, which further induces the phospholipase C (PLC) synthesis. 19, 29 PLC can activate inositol 1,4,5-trisphosphate (IP3) and IP3 triggers calcium release from ER via binding with IP3 receptors at ER membrane.
7 It has been generally recognized that the repetitive release of Ca 2+ from ER is the major reason of calcium oscillation that results in selective and robust induction of NFATc1. 7, 15, 19 Lots of studies indicated that ATP could release from the mechanically stimulated osteoblasts or osteocytes and further binds the purinergic P2 receptor on the neighboring cells to cause the calcium release from ER. 10, 40 It has been found that the P2X7 receptor is expressed in osteoclasts, 21 which may contribute to cell-cell calcium transfer. The influence of P2 receptors on osteoclast physiology and bone physiology in general is beginning to be understood. 35 But whether extracellular ATP could induce the [Ca 2+ ] i increase in a paracrine manner is still unknown although it was found that P2X7 participated in osteoclast fusion. 1, 9, 11 Gap junctional intercellular communication mediated by connexins is suggested to be another pathway of intercellular calcium transferring as the molecules smaller than 1.2 kDa including IP3 or calcium ions can propagate within the cytosols among the neighboring cells. Connexin 43 (Cx43), the gap junction proteins, has been found to be expressed in precursor or fully differentiated osteoclasts. 37 Osteoclast formation and resorptive ability are also reported to be modulated by gap junction. 2, 16, 28 But it still remains unknown whether this connexin-dependent behaviors of osteoclasts are involved with calcium response.
To clarify the signaling pathway of calcium response in osteoclasts under mechanical stimulation will be important for the understand of mechanotransduction in bone remodeling. In the present study, the differentiation of RAW264.7 macrophage cells to osteoclasts was induced and the calcium response of osteoclasts with different nuclear numbers (1, 2-5 and ‡6) at 4-or 8-days induction under different levels of FSS (1 and 10 dyne/cm 2 ) was observed. Meanwhile the abovementioned calcium signaling pathways, i.e., MSCC, VSCC, [Ca 2+ ] 0 , PLC, ER, ATP and gap junction, were studied.
MATERIALS AND METHODS

Materials
The RAW264.7 cells were purchased from the European Collection of Cell Cultures (ECACC, Wiltshire, UK). The MC3T3-E1 cells were purchased from the American Type Culture Collection (ATCC, Manassas, USA). Dulbecco's Modified Eagle's Medium (DMEM/ high glucose), alpha modified Minimum Essential Medium (a-MEM), phosphate buffered saline (PBS), trypsin-EDTA, penicillin/streptomycin, and L-glutamine were provided by Hyclone (Thermo Scientific, Beijing, China). Dimethyl sulfoxide (DMSO), thapsigargin (TG), nifedipine, gadolinium chloride, 18b-glycyrrhetinic acid (GA) were obtained from Sigma (St. Louis, USA). Thermanox plastic slides were purchased from NUNC (Roskilde, Denmark). Fetal bovine serum (FBS), Fluo-4 AM, Pluronic F-127, and Hoechst 33342 were purchased from Invitrogen (Eugene, USA). Suramin and U73122 were purchased from Calbiochem (Darmstadt, Germany). DMEM High Glucose Ca 2+ -free medium were from Gibco (Carlsbad, USA).
Induction of Osteoclast Differentiation by Conditioned
Medium from Osteoblasts
In the present study, we adopted the conditioned medium from MC3T3-E1 osteoblasts to induce the fusion of RAW264.7 monocytes, through which TRAPpositive, multinucleate osteoclasts have been demonstrated to form in our previous study. 23 The osteoblasts were seeded in dishes at a density of 2 9 10 4 cells/cm 2 and maintained in a-MEM supplemented with 10% heatinactivated FBS and 1% penicillin-streptomycin solution at 37°C in a humidified atmosphere of 5% CO 2 . The medium was changed every 48 h, and the conditioned medium was collected. RAW264.7 cells were seeded at a density of 2 9 10 4 cells/cm 2 on plastic slides. After 24 h, the medium was replaced with a 1:1 (v/v) mixture of the conditioned medium and the growth medium of DMEM supplemented with 10% heat-inactivated FBS, 3.5 mM L-glutamine, and 1% penicillin-streptomycin solution. The induction medium containing the conditioned medium was changed every other day. After 2 days induction, multinucleated osteoclasts will be observed and the nuclear number of one cell can be estimated by its spreading area as described in our previous paper 23 ( Fig. 1a) .
Intracellular Calcium Response Under FSS
When RAW264.7 cells had been induced in the conditioned medium for 4-or 8-days, respectively, the cytosolic calcium ions in cell were stained with 5 lM Fluo-4 AM in DMSO and 0.02% Pluronic F-127 for 2 h in a culture medium at room temperature (Fig. 1b) . The slide with cells was then rinsed with dye-free medium twice, and was mounted in a custom-made parallel plate flow chamber (Fig. 1d) . The entire operation was performed with extreme caution to minimize the response of cells to early agitations. When flow chamber is placed under microscope, 20-min resting period was sustained to make cells recover the stable state for repetitive calcium responses. The calcium response of cells under the steady fluid flow stimulation was recorded with CCD for 10 min including 1 min for baseline followed by the 9-min FSS stimulation. The fluorescence intensity of the calcium concentration for each cell was later normalized by its corresponding baseline (Fig. 2) .
INHIBITION OF CALCIUM RESPONSE PATHWAYS
Besides the untreated group, seven different pharmacological agents were employed to treat the cells before and during experiments in order to identify the signaling pathways of intercellular calcium response in osteoclasts. For each test, osteoclasts on the surface of plastic slides were incubated in a specific inhibitor solution mixing with 5 lM Fluo-4 AM dye medium for a certain period and the inhibitor would be contained in flow medium during FSS stimulation. 10 lM Gd 3+ was supplied as the MSCC blocker and the incubation period was 10 min. 5 lM nifedipine was used to block L-type VSCC channels for 10 min incubation. Calcium-free DMEM medium replacing the regular medium was to remove the extracellular calcium. 10 lM U73122 was adopted to inhibit PLC for 10 min incubation. The calcium stored in ER was depleted by 1 lM TG by 10 min incubation. 100 lM suramin was employed to block the binding of ATP with P2 purinergic receptors by 30 min incubation. Intercellular gap junctional transferring was blocked by incubating 75 lM GA for 10 min. 
Statistical Analysis
More than 3 slides were tested for a specific group with different induction time, FSS level and inhibitor. In one group, 50-340 monocytes, 8-94 osteoclasts with 2-5 nuclei, and 5-14 osteoclasts with more than ‡6 nuclei were analyzed. All the results were expressed as mean ± standard error of the mean (SEM). Statistical differences between the mean values of different groups were determined using one-way ANOVA, and was considered significant when P < 0.05.
RESULTS
MSCC-PLC-ER is the Primary Pathway of FSSInduced Calcium Response
As it had been clarified in our previous study, most monocytes or 2-5 nuclei-cells in the untreated group could respond to FSS stimulation although the responsive percentage significantly decreased for the larger multinucleate osteoclasts with more than six nuclei. 23 At the low level of 1 dyne/cm 2 , when inhibiting MSCC channels by using Gd 3+ , or blocking PLC by U73122, or depleting ER calcium store by TG, only 4-7% cells after 4-days induction could respond in spite of their nuclear number (Fig. 3) . In case removing extracellular calcium by using calcium-free medium, responsive percentage was about 45% for monocytes or medium-size osteoclasts (2-5 nuclei), but decreased to 36% for the larger osteoclasts with ‡6 nuclei. However, no significant difference was detected for most cells with different nuclei when blocking calcium signaling pathways.
At high FSS level of 10 dyne/cm 2 , MSCC-PLC-ER is still the primary axis of FSS-induced calcium response and blocking either one of three pathways makes only less than 10% cells capable of responding. It is surprisingly found, however, that enhancing FSS level significantly increased the responsive percentage in the absence of [Ca 2+ ] 0 especially for monocytes or 2-5 nuclei osteoclasts if compared with low FSS level. The significant difference between FSS levels is also detected for ATP-blocked group for monocytes or the larger osteoclasts with ‡6 nuclei and for gap junctionblocked group for the medium-or large-size osteoclasts. The results also showed that the VSCC-blocked group is FSS-insensitive. 1 dyne/cm 2 , removing extracellular calcium led to only one responsive peak in 9-min FSS stimulation. Blocking other three pathways didn't significantly influence the calcium oscillation for monocytes or 2-5 nuclei osteoclasts compared with normal group, in which there were about 30% of cells responded more than once. All groups only had one responsive peak for the multinucleate osteoclasts with ‡6 nuclei. When FSS level increased to 10 dyne/cm 2 , the normal group can respond twice averagely while there was only one peak in the absence of [Ca 2+ ] 0 independent of nuclear number. Compared with the low FSS level, the significant difference occurred in ATP-blocked group for monocytes and in ATP-or VSCC-blocked groups for 2-5 nuclei osteoclasts, in which responsive peaks' number was reduced to one at high FSS level.
Long-Term Induced Osteoclasts Depends on MSCC-PLC-ER Pathway to Produce Calcium Response
When RAW264.7 precursors were induced to differentiate for 8 days, MSCC-PLC-ER is still the primary pathway for [Ca 2+ ] i response (Fig. 5a ). In case of blocking either one of MSCC, PLC or ER, only 5% of cells could respond to FSS stimulations, independent of FSS level or nuclear number. If removing extracellular calcium, a large number of monocytes or 2-5 nuclei cells could respond although most of large multinucleate osteoclasts with ‡6 nuclei did not have response. Similar to 4-days induction, increasing FSS level from 1 to 10 dyne/cm 2 increased the responsive percentage from 41% to 89% for monocytes and from 67% to 81% for 2-5 nuclei cells. In those responsive cells, almost all of cells only have one responsive peak in spite of FSS level and nuclear number when removing extracellular calcium (Fig. 5b) . It indicates that calcium oscillation disappeared in the absence of [Ca 2+ ] 0 . But blocking ATP pathway seemed not to influence the ability of calcium oscillation for monocytes or 2-5 nuclei osteoclasts, especially under 10 dyne/cm 2 FSS level. Figure 6a showed the time to the first peak of cytosolic calcium response. At low FSS level and 4-days induction, the responding cells in normal group needed 49 s (monocytes), 71 s (2-5 nuclei) and 86 s ( ‡ 6 nuclei) to reach their first responsive peak after being exposed to FSS stimulation. The [Ca 2+ ] 0 -removed group spent much longer time of 177, 111, 278 s for osteoclasts with different nuclear number. Similarly, the average times to the first peak for ATP-blocked group are 203, 247 and 283 s, respectively. When RAW264.7 cells were induced to differentiate for a longer time of 8 days, the time to the first peak varied from 44 s to 134 s, whose sensitivity to FSS stimulation isn't similar to 4-days induction after [Ca 2+ ] 0 or ATP pathways were blocked. At high FSS level of 10 dyne/cm 2 , the sensitivity of cells to FSS stimulation was significantly improved. Except for 58-81 s for the large osteoclasts ( ‡ 6 nuclei) after 4-days induction, the time to the first peak varied from 15 to 36 s independent of induction duration and nuclear number.
The Temporal Characters of the First Responsive Peak are Regulated by Induction Duration and FSS Level
After the cytosolic calcium concentration reached its peak value, the calcium ions will be uptaken back to ER or flux into the extracellular environment, which leads to the decrease of [Ca 2+ ] i . The time interval between the first peak to its 50% value reflects the relaxation rate of the first peak. For the cells under same FSS stimulation and induction duration, the relaxation time of the first peak increased along with the nuclear number. But when extracellular calcium and ATP pathways were blocked, this tendency was not that significant. Increasing FSS level significantly shortened the relaxation time of normal group. In addition, at high FSS level, the significant difference between 4-and 8-days induction groups was detected but not at low FSS level for most cells.
DISCUSSION
The present study indicated MSCC-PLC-ER as the primary signaling pathway of [Ca 2+ l i response in osteoclasts under FSS stimulations (Fig. 7) . To our knowledge, there have been only a few studies on the mechanotransduction of calcium response in osteoclasts. For example, Xia and Ferrier made use of micropipette to apply single-cell indentation on isolated rabbit osteoclasts and they found that the mechanical perturbation-induced [Ca 2+ l i increase was inhibited by T-type VSCC inhibitor nickel chloride (Ni 2+ ) but not by MSCC inhibitor Gd 3+ or L-type VSCC inhibitors nifedipine or verapamil. 44 Comparing with this single-cell indentation study, our present data showed similar L-type VSCC-independent [Ca 2+ l i response under FSS stimulation, but revealed a converse phenomenon for MSCC blocking as Gd 3+ completely blocked the calcium response. Whether the type of mechanical stimulation causes different activation status of MSCC channels needs further clarification. In another micropipette indentation study, the hydrolysis of extracellular ATP by nucleotidase apyrase did not inhibit deformation-induced elevation of [Ca 2+ l i in the presence of extracellular Ca 2+ , indicating that nucleotide release is not essential for mechanically induced Ca 2+ influx, 42 which is similar to our present study. Except for the above two studies, there has not been any investigation concerning the signaling pathways of mechanical stimulation-induced calcium response in osteoclasts, although a few studies did observe the [Ca 2+ l i response in osteoclasts induced by single-cell indentation through a glass pipette, 45 whole-cell membrane stretching by changing the osmotic pressure stretching 41 or FSS stimulation in our previous study. 23 It has been recognized very early that when stretching osteoclasts, calcium-conducting ion chan- nels on cell membrane are activated. 43 Transient receptor potential (TRP) channels are non-selective cation channels with significant Ca 2+ permeability. 39 One TRP subfamily member, TRPV4, is proposed to be the most possible candidate of MSCC channel on osteoclasts. 6, 34, 39 In an in vivo study, TRPV4 deficiency suppressed unloading-induced osteoclastogenesis, i.e., reducing the levels of mineral apposition rate and bone formation rate, as well as increasing the number of osteoclasts. 31 The further study focusing on the roles of TRPV4 in FSS-induced calcium response and migration of osteoclasts is in progress in our lab.
The present data showed that either depleting calcium ions in ER or blocking PLC was able to completely suppress the FSS-induced calcium response in osteoclasts. The signaling pathway of PLC activatedcalcium release from ER has been discovered in wide cell lineages such as endothelial cells, 24 osteoblasts 32 as well as osteoclasts. 38 For this signaling pathway, PLC first activates IP3 and then IP3 binds with IP3R in ER membrane finally leading to the efflux of calcium from ER stores. Considering our results that blocking MSCC completely suppressed calcium response, we may infer that MSCC is coupled with PLC-ER signaling pathway. But the coupling relation of MSCC and PLC is still a little confusing. One study showed that the activation of PLC by the Gq proteins promoted the opening of the light activated channels TRPL. 22 In addition, it was found that high extracellular calcium induced the increase of [Ca 2+ ] i , which could be blocked when inhibiting PLC even after depleting ER by thapsigargin. 3 The above results suggest that calcium influx is PLC-dependent but store-insensitive and PLC might be linked to TRP ] i response. The further studies should be done to clarify which one is upstream, MSCC or PLC.
One notable result of this study is that when blocking ATP or gap junction pathways or removing extracellular calcium, the percentage of responsive osteoclasts increased along with the increase of FSS levels (Fig. 3) . Considering the fact that MSCCblocking-suppressed [Ca 2+ ] i response is independent of FSS level, we hypothesized that this FSS dosedependent phenomenon must take effect through MSCC, i.e., that high FSS may directly open more MSCC channels. Although we used calcium-free medium to remove the extracellular calcium ions, there might be some intracellular calcium ions leaking into extracellular space, which may further go back into cells through ion channels to cause calcium response. Further investigations using EGTA to completely chelate the extracellular calcium ions should be carried out. In the absence of extracellular calcium, only one peak was found for those responsive osteoclasts implying that no calcium oscillation occurred (Fig. 4) . Considering that depleting ER store with thapsigargin completely suppressed calcium response, we conclude that extracellular calcium influx triggers the calcium oscillation, for which intracellular stores are responsible (Fig. 4 ). This conclusion is coincided with the recent reports that RANKL-induced [Ca 2+ ] i oscillation involved not only repetitive intracellular Ca 2+ release from ER but also via store-operated Ca 2+ entry TRPV channels during osteoclast differentiation. 18 It should be noted that the magnitude of the first peak of calcium response of osteoclasts induced by FSS is generally higher than the subsequent peaks, which is not similar to the persistent calcium oscillation stimulated by RANKL (Kuroda, Hisatsune et al. 2008 ). The molecular mechanism of this difference still needs further investigations.
It was demonstrated that osteoclasts constitutively released ATP via the P2X7 receptor in response to a variety of stimuli including mechanical stimulation. 4, 35 The released ATP negatively regulated bone-resorbing activity through an autocrine/paracrine feedback loop. 21, 30 When the extracellular ATP was hydrolyzed by nucleotidase apyrase, the micropipette indentationinduced elevation of [Ca 2+ l i didn't change, indicating that nucleotide release is not essential for mechanically induced Ca 2+ influx. 42 We blocked the binding of ATP to the purinergic receptor with suramin and found that responsive percentage of osteoclasts decreased at low FSS level while almost all of cells responded for high FSS level (Fig. 3) . Especially for the cells with ‡6 nuclei under 10 dyne/cm 2 FSS (Fig. 3) , the addition of suramin increased the number of responding cells compared with the normal group. One explanation for this unexpected phenomenon is that the cells with ‡6 nuclei are much less than the smaller osteoclasts, which may lead to inconsistent results. Therefore it seems that high FSS stimulation-induced [Ca 2+ l i doesn't depend on ATP pathway, similar to the above indentation study. Our previous studies have demonstrated that ATP played a critical role on calcium oscillation for osteoblasts [12] [13] [14] or osteocytes 25, 26 under mechanical stimulation such as fluid flow or AFM indentation. The present data showed that blocking ATP pathway abolished calcium oscillation for 4-days-induced osteoclasts under high FSS level (Fig. 4) , however, 8-days induction group conversely revealed more obvious calcium oscillation compared with the normal group without inhibitors (Fig. 5) . These opposite results may be relating to the fact that the amount of ATP release or the expression level of P2X7 in mature cells is one-sixth or fourfold of that in precursors, respectively. 4 The higher FSS might activate other signaling pathways that is responsible in calcium oscillation such as MSCC membrane channels or deformation-related intracellular pathways. However, how ATP pathway regulates FSS-induced calcium oscillation or intercellular calcium transfer needs more investigations.
When RAW264.7 precursor were induced to differentiation into multinucleate osteoclasts for 4-or 8-days, the present study showed that along with the fusion, cells needed longer time to respond and restore (Fig. 6 ) and the detailed discussions can be referred to our previous study. 23 But when blocking the calcium signaling pathways such as ATP or extracellular calcium, 4-and 8-days induction groups revealed a significantly different responding profile of the first peak (Fig. 6) . It seems that 4-days-induced cells take longer time to respond to FSS stimulation but longer induction group doesn't. To clarify the signaling transduction mechanism of FSS-induced calcium response of osteoclasts in different differentiation stages will depend on the accumulation of experimental data.
In conclusion, the results of this study suggest that FSS stimulation activates MSCC channels and PLC-ER pathways, either of which is necessary for [Ca 2+ ] i response. Extracellular calcium, VSCC and ATP pathways involves with FSS-induced [Ca 2+ ] i response and oscillation in a FSS dose-dependent manner. Osteoclasts after different induction durations reveal significantly different temporal properties of responsive peak.
